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The magnetic, transport and optical properties of EuFe2As2 single crystals have been investigated 
parallel and perpendicular to the afc-plane. The anisotropy p c / pab ~ 8 depends only slightly on 
temperature. In both orientations, the spin-density wave transition at Tsdw = 189 K shows up as a 
considerable increase in the dc resistivity. Susceptibility measurements evidence the magnetic order 
of the Eu 2+ moments at Tjv = 19 K with little influence on the electronic transport taking place in 
the FeAs layers. Polarization-dependent infrared spectroscopy reveals strongly anisotropic optical 
properties and yields a carrier density of only 4.2 x 10 21 cm -3 and a bandmass of mb = 2mo. A 
sizeable Drude contribution is present at all temperatures and narrows upon cooling. Below Tsdw, 
the spin-density-wave gap develops in the in-plane optical conductivity; no appreciable change is 
detected for the perpendicular polarization. Modifications in the phonon features are associated 
with changes of the electronic properties at Tsdw- The extended Drude analysis yields a linear 
behavior of the frequency-dependent scattering rate below Tsdw, indicating an interaction between 
the charge carriers and spin fluctuations in the spin-density-wave state. 

PACS numbers: 75.30.Fv, 75.20.Hr, 78.20.Ci 
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I. INTRODUCTION 

There is a small number of fundamental issues in solid 
state science that remain of central importance even 
when a new class of materials emerge. Besides the ef- 
fect of reduced dimensions and the Mott transition, the 
interplay of magnetism and superconductivity is cer- 
tainly among those fascinating topics. It has been in- 
tensively explored in heavy- fermion compounds, 1 organic 
conductors^ and cuprates^ all of them exhibit certain 
types of magnetic order in the close vicinity to a super- 
conducting phase of unconventional nature. 

The observation of T c = 26 K superconductivity 
in LaFeAsOi-zFj, has brought a new round of inves- 
tigations since iron is supposed to form magnetic or- 
der at low temperature. Two classes of ferropnictide 
superconductors have drawn extensive attention, i.e. 
doping of LnFeAsO (Ln = lanthanides) and AFe2As2 
(A = Sr, Ba, etc.) by holes or electrons. The par- 
ent compounds of these two systems are suggested to 
have a spin-density-wave (SDW) instability associated 
with the FeAs layers in the temperature range between 
130 and 200 K, that will be gradually suppressed upon 
charge-carrier doping, and finally the material becomes 
superconductingi^£i£i£ By now the relation of the antifer- 
romagnetic spin-fluctuations to the mechanism of super- 
conductivity is not clear. Around Tsdw also a structural 
transition is observed, where the symmetry changes from 
tetragonal (lA/mmm) to orthorhombic (Fmmm)£ 

Like in BaFe2As2 and SrFe2As2, Mofibauer spec- 



troscopy and magnetic susceptibility studies of EuFe2As2 
revealed*^ that the magnetic transition due to an anti- 
ferromagnetic (AFM) ordering of itinerant carriers in the 
Fe sublattice that form a SDW; in the title compound 
the temperature of the phase transition is approximately 
190 K. The peak in resistivity p(T) supports this assign- 
ment; however, the relation to the structural transition 
around the same temperature is not solved by now. Com- 
pared with other compounds of the 122 family, the ex- 
ceptional case in EuFe2As2 is that in coexistence to the 
SDW phase a second magnetic ordering takes place in 
the localized Eu moments at T/v = 19 K. 10 

While in BaFe2As2 Co- or Ni-substitution of Fe causes 
a suppression of the SDW and the appearance of a su- 
perconducting state , 11 ' 12 no superconductivity is found 
in the Eu analog EuFe2_ :r NL J As2^ nevertheless, there 
seems to be some interaction between the Eu and 
Fe/Co/Ni subsystems, because the arrangement of the 
Eu moments turns to be ferromagnetic for x > 0.06. 13 
Replacing Eu by K, for instance, supresses the SDW, 
and also substantially broadens the Eu order and shifts 
it down below 10 K; in spite of the short-range mag- 
netic order, at T c = 31 K superconductivity is detected 
in Eu . 5 K . 5 Fe 2 As2^ 

Applying pressure to EuFe 2 As 2 suppresses the SDW 
phase, too, but only some onset of superconductivity was 
inferred at T c « 29.5 K where a drop in resistivity is de- 
tected above 2 GPa>^ the AFM ordering temperature of 
the Eu 2+ moments is nearly unaffected by pressure. Very 
recently, superconductivity was reported in EuFe2As2 by 
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partially substituting As by isovalent P, inducing chem- 
ical pressure without destroying the magnetic transition 
of the Eu 2+ moments.— This agrees with predictions of 
magnetic quantum criticality between an antiferromag- 
nctic and paramagnetic metalJ^ As a matter of fact, 
the ferromagnetic interaction between the Eu 2+ moments 
(which is probably due to RKKY interaction) is strength- 
ened as a consequence of P doping in a similar manner 
as observed in EuFe2- :r Ni ;c As2. Here we investigate the 
influence of these different magnetic ordering phenomena 
on the charge carrier dynamics in EuFe2As2 in order to 
elucidate the effect of spin fluctuations on the supercon- 
ducting ground state in ferropnictides, in general. 
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II. EXPERIMENTAL DETAIL 

Single crystals of EuFe2As2 were grown using FeAs 
as self-flux dopants.— The platelets with a typical size 
of 4 mm x 2 mm x 0.5 mm have naturally flat sur- 
face. The specimens from two different laboratories 
were characterized by transport and susceptibility mea- 
surements; the good agreement obtained in all results 
confirms the intrinsic nature of the findings reported 
here. The temperature-dependent dc resistivity was ob- 
tained by standard four-probe technique, using silver 
paint as contacts. For the out-of-plane measurements, 
the mechanic stability of the contacts during tempera- 
ture sweeps and inter-layer inclusions of presumably un- 
reacted precursor material cause severe problems. There- 
fore particular care has to be taken to obtain quantita- 
tively reproducible results^ The magnetic susceptibility 
was measured down to 4 K by a Quantum Design SQUID 
system at different magnetic fields up to 2 Tesla applied 
parallel and perpendicular to the ab plane. 

The optical reflectivity was investigated by Fourier 
transform spectroscopy with the electric field polarized 
in both the a6-plane and the c-direction. The Bruker 
IFS 113v and IFS 66v/s interferometers utilized in our 
study cover the frequency range from 30 to 12 000 cm -1 . 
The experiments were performed at various temperatures 
down to 10 K. As reference, gold was evaporated onto the 
sample in situ and the measurements repeated at each 
temperature. The c-axis infrared experiments were per- 
formed using an infrared microscope Bruker Hyperion. 
For the high-frequency extrapolation up to the ultravio- 
let, we used room-temperature ellipsometric data (6000 - 
30 000 cm" 1 ) by a Woollam variable angle spectroscopic 
ellipsometer. The low-frequency extrapolation was done 
according to the dc conductivity. The complex optical 
conductivity <j(lu) = cri(u>) + \<J2{ui) was calculated from 
the reflectivity spectra using Kramers-Kronig analysis. 20 
It is worth to note, that we also applied a simple Hagen- 
Rubens extrapolation for the low-frequency reflectivity 
in E || ab polarization, and found that the optical con- 
ductivity in the measured range does not depend on the 
extrapolation. In the perpendicular direction, we extrap- 
olated by assuming a constant reflectivity. 



FIG. 1: (Color online) Temperature dependence of resistiv- 
ity p a h (black squares, left axis) in the afc-plane and p c (red 
crosses, right axis) in the perpendicular direction of single 
crystalline EuFe2As2. The spin-density- wave transition Tsdw 
and the antiferromagnetic order of Eu at Tjv are indicated by 
arrows. 

In addition, we have performed far-infrared reflection 
measurements in an optical cryostat Oxford Spectromag 
4000 where a magnetic field up to 5 Tesla can be applied 
perpendicular to the ab plane. The experiments were 
performed down to T = 2 K with particular emphasis on 
the magnetic ordering at — 19 K. 



III. RESULTS 
A. Electrical Resistivity 

EuFe2As2 is a poor metal with a room temperature 
conductivity of only 2.5 x 10 3 (ilem)" 1 which is more 
than two order of magnitude lower compared to a normal 
metals, like iron or gold. From the analysis of our opti- 
cal data discussed below in Sec. I IV A[ we conclude that 
this is mainly due to the reduced charge carrier density. 
The electrical resistivity of several EuFe2As2 crystals was 
measured in the afe-plane and in c-direction. The results 
are plotted in Fig. Q] as a function of temperature. When 
T is reduced below room temperature, the in-plane re- 
sistivity slowly decreases as p a b oc T. This is similar to 
the behavior reported for high-T c cuprates above T*. A 
sharp upturn in p a i, is observed at Tsdw ~ 189 K asso- 
ciated to the SDW transition. With further cooling, the 
resistivity decreases again, leading a peak in p a b around 
189 K. The rise in resistivity evidences the loss in density- 
of-states at the Fermi energy upon entering the SDW 
phase. A similar peak is observed in the perpendicular 
direction, p c (T), indicating that the gap opens more or 
less isotropically over the entire Fermi surface. However, 
the resistivity soon continues to drop as the temperature 
is reduced further; this means that not all bands are af- 
fected by the SDW transition. Our conclusions are in 
accord with previous findingsj 13 ' 14 i 21 i 22 i 23 i 24 
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Compared to the linear resistivity behavior above 
^SDW> that might be influenced by fluctuations of the 
Fe spins, the slope of p(T) curve gets even steeper for 
T < TsdWj because the scattering rate of carriers is re- 
duced in the SDW state, where some of the bands become 
(partially) gapped. Here the in-plane resistivity follows 
a quadratic temperature dependence p(T) oc T 2 all the 
way down to 30 K where it saturates at a constant value. 
It seems unlikely that this behavior is due to electron- 
electron scattering but might express scattering on mag- 
netic excitations where a T 2 behavior is predicted for a 
ferromagnet and T 4 for an antiferromagnet^ with de- 
tails strongly depending on the dispersion relation. 

At T/v = 19 K we observe a kink in p a b(T) because 
another scattering channel freezes out due to the AFM 
ordering of the Eu 2+ moments. Obviously, the energy 
scales of the SDW linked to Fe and the AFM order in the 
Eu sublattice are different by an order of magnitude, as 
indicated by the ordering temperature. The two phase 
transitions also influence the electronic scattering very 
differently: for T < Tsnw the scattering is strongly re- 
duced, while the change at is minor. 

The resistivity measured along the perpendicular di- 
rection exceeds p a b considerably: ,o c (300 K)=3 milcrn 1 ^ 
Nevertheless, the temperature behavior p c (T) closely re- 
sembles the in-plane properties; the anisotropy ratio 
Pc/ Pab ~ 8 is almost temperature independent. Hence, 
EuFe2As2 exhibits a metallic behavior of p(T) in both di- 
rections. Although the 2D layered structure is identified 
for the FeAs-based compounds as in cuprates, this obser- 
vation is distinct from high-T c cuprates which commonly 
exhibit a different temperature dependences of the in- 
plane and out-of-plane resistivity. 26 Our findings, of only 
weak anisotropic in dc conductivity support the conclu- 
sion of high-magnetic field measurements^^ indicating 
nearly isotropic superconductivity in (Ba,K)Fe2As2- 

The SDW of the Fe ions can clearly be seen in p c (T), 
indicating its three dimensional nature. Similar ob- 
servations have been reported for the sister compound 
BaFe 2 As 2 ^ The AFM transition at T N = 19 K is not 
seen in p c (T), in contrast to the in-plane resistivity. This 
is somewhat surprising and infers that the magnetic or- 
der of Eu 2+ ions is of short range and does not lead to a 
complete three-dimensional order. 



B. Magnetic Susceptibility 

Figure [2] exhibits the temperature dependence of the 
magnetic susceptibility xCO °f EuFe2As2 measured for 
a magnetic field of 0.1 Tesla oriented both parallel and 
perpendicular to the ab plane. Also shown is the inverse 
susceptibility 1/xabiT) and l/x c (T) which clearly proves 
that the paramagnetic regime can be nicely described by 
the Curie- Weiss law. As demonstrated in the inset of 
Fig. [H this behavior is well observed over a very wide 
temperature range from 20 K to 200 K; here the magnetic 
response is isotropic. Slight deviations from x(T) oc 1/T 
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FIG. 2: (Color online) Magnetic susceptibility of of EuFe2 As2 
for (a) the ab plane, and (b) the c-direction from T — 2 K to 
100 K (left axes). Corresponding to the right axes the inverse 
susceptibility l/\ is plotted for both orientations. The inset 
shows the inverse susceptibility after subtracting the temper- 
ature independent terms for H || c (red-curve) in a wider 
temperature range (2 K < T < 300 K); — the blue line indi- 
cates the Curie- Weiss fit up to 300 K. 1/Xab (not shown) has 
the same trend as \ c above 200 K. 



are only observed for higher temperatures, i.e. above the 
SDW transition which is identified as a tiny kink. 

At T/v = 19 K, a distinct anomaly shows up in both 
orientations that is ascribed to the ordering of the Eu 2+ 
moments* 1 ^ It is concluded that the Eu 2+ spins align fer- 
romagnetically within the ab planes, but antiferromag- 
netically along the c-direction, as sketched in the inset 
of Figll The upturn of X c(T) below T = 18 K indi- 
cates a metamagnetic transition of Eu in this direction. 
The excellent quality of our samples are confirmed by the 
good agreement of our results with the report by Jiang 
et alr^- where also a more detailed description of x(T) 
can be found. It should be noted that although Fe and 
Eu both carry magnetic moments, which is a unique be- 
havior in ^4Fe2As2 family, there is almost no coupling 
between both subsystems; one reason is the large differ- 
ence of energy scales for local Eu ordering and itinerant 
Fe antiferromagnetism. Nevertheless, the resistivity be- 
havior and magnetoresistance studied in Rcf. reflects 
that the charge carriers are scattered by the Eu moments 
to some degree. In addition, the absence of superconduc- 
tivity in EuFe2_ a; Ni a ;As2 ~ while it is present Ni doped 
BaFe2As2 - indicates that the magnetic state of Eu ef- 
fects superconductivity^ In the same direction goes the 
conclusion drawn from the Eu substitution by K, result- 
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FIG. 3: (Color online) Temperature dependence of the mag- 
netization of EuFe2As2 under various fields up to 2 T; the 
development with magnetic field strength is indicated by the 
arrows. For both orientations, M a b an d M c continuously in- 
crease with rising magnetic field H , as indicated by the black 
arrows. The inset shows a schematic diagram for the Eu mag- 
netic structure. The long axis represents the c-axis; the red ar- 
rows indicate the spins of Eu which are not completely within 
the ab plane. 



ing in T c = 31 K for Eu .5K . 5 Fe 2 As2^^ 

Further investigations of the magnetization M a j,(T) 
and M C (T) under various magnetic fields are presented 
in Fig. [1 With increasing field up to 0.75 T, the AFM 
transition in afo-plane gradually shifts to lower temper- 
ature. For fJ-oH >1 T, the metamagnetic transition is 
suppressed, and M a t(T) tends to saturate below 10 K, 
indicating a full ferromagnetic state of the Eu moments. 
In the case of H || c, a significantly higher external mag- 
netic field ([loft >1.5 T) is needed to fully suppress the 
AFM ordering of Eu [Fig. EJb)]. This suggests that the 
Eu moments align close to the a6-plane but still have a 
c-axis component [cf. the schematic diagram in Fig.[3]Jb)]. 
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FIG. 4: (Color online) Optical properties of EuFe2As2 in 
the afe-plane measured in a broad frequency range at differ- 
ent temperatures, (a) The reflectivity R{ui) drops around 
1250 cm" 1 for T — 170 K and lower since the SDW state is 
entered at Tsdw = 189 K. (b) The corresponding optical con- 
ductivity indicates the development of the SDW gap around 
1000 cm -1 ; nevertheless there remains a strong background 
of excitations in the gap. (c) The spectral weight calculated 
according to Eq. (Jl| is displayed in a double-logarithmic fash- 
ion. 



C. Optical Properties 

The upper panel of Fig. [4] shows the a6-plane reflec- 
tivity R(u>) in the whole spectral range for some se- 
lected temperatures as indicated. Above T w 200 K 
the reflectance resembles a metal, although the plasma 
edge is not clearly seen; a fact well-known from high- 
temperature and organic superconductors ! 30 ' 31 This ex- 
presses the poor metallic behavior, already seen in resis- 
tivity (Sec. IIII A[k but also the overlap with interband 
transitions leads to an overdamped plasma edge. At 
1000 cm -1 the reflectance is already as low as 80%. Be- 
low the SDW transition, Tsdw = 189 K, a drop in R(u>) is 
observed around 1250 cm" 1 that is fully developed when 



T reaches 10 K. The reflectivity is strongly suppressed 
between 200 and 1000 cm" 1 ; but it rapidly increases to- 
wards unity for uj — ► because the compound remains 
metallic for any temperature. 

For all temperatures the in-plane optical conductiv- 
ity spectra a\(uj,T) of EuFe2As2 show a broad peak in 
the mid- infrared (5000 cm" 1 ) due to interband transi- 
tions [Fig. BJb)] ^ This maximum gets slightly stronger 
as the temperature is reduced, basically recovering the 
spectral weight lost in the low-frequency region (see 
below). For T < Tsdw, the frequency region below 
1000 cm -1 is depleted and the spectral weight piles up 
around 1300 cm" 1 . Although the Drude contribution 
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FIG. 5: (Color online) Optical properties of EuFe2As2 mea- 
sured at various temperatures with the electric field E po- 
larized in the c-direction. (a) The mid-infrared reflectiv- 
ity is much lower compared to the afc-plane reflectance and 
decreases even further when the temperature is reduced, 
(b) The optical conductivity is dominated by the mid-infrared 
band around 5000 cm -1 ascribed to an interband transition. 



is appreciably reduced, it is always present: indicating 
a partial gap opening of the Fermi surface. The zero- 
frequency peak narrows upon cooling, because the de- 
creasing scattering rate of the charge carriers. This is in 
accord with the observation from a falling dc resistivity 
(Fig. IT). 

In the c-direction (Fig. [5]), the R(ui) shows only 40% 
reflectance in the mid-infrared and gradually falls at high 
frequencies. On lowering the temperature, R(T) de- 
creases by not more than 10%. The optical conductiv- 
ity exhibits a broad maximum around 5000 cm -1 which 
only slightly varies with temperature; it corresponds to 
the same interband transition detected in the ab plane. 
Although o\ (T) is reduced by a factor of 2 in the range of 
1000 cm , when going from room temperature to 10 K, 
the indications of a SDW gap are not as clear as for the 
in-plane conductivity. Considerable changes are already 
seen for T > 200 K and the variation extends all the way 
up to 3000 cm -1 , i.e. well above the energy identified as 
the SDW gap by the in-plane measurements. Thus we 
conclude that the formation of the SDW state is not ob- 
served in the optical properties for E \\ c in spite of the 
clear feature present in the dc resistivity p c (T). In gen- 
eral, the substantial difference in the optical properties of 
polarization E \\ c compared to the in-plane results is in 
compliance with the dc anisotropy ratio of 10, although 
we could not see indications of a Drude-like peak in our 



limited frequency range. 

IV. ANALYSIS AND DISCUSSION 

A. Charge Carrier Density 

As a first step, we fit the conductivity spectra of 
EuFe2As2 by the Drude-Lorentz model^ this allows us 
to separate different contributions. As an example, in 
Fig. [Ha) the terms are plotted for the low-temperature 
data <ji(uj,T = 10 K). If the conductivity peak around 
5000 cm -1 is modelled by a Lorentz term and ascribed 
to an interband transition, the quasi-free-carrier parts re- 
maining at lower-frequencies yields a plasma frequency of 
approximately 14000 cm -1 at room-temperature. This 
value for EuFe2As2 is in good agreement with uj p /2ttc w 
12 000 cm -1 obtained in the sister compounds BaFe2As2 
and SrFe 2 As 2 i22 

Alternatively, we can calculate the spectral weight^ 

f Uc Ait tip 2 

SW(w c ) = 8/ jn(a;)dw = w2 = — (1) 

Jo F m 

as a function of cut-off frequency uj c . As seen in Fig.[3Jc), 
no obvious step or saturation evidences a plasma fre- 
quency up to 30 000 cm" 1 ; this is in accord with the 
gradual decrease of the reflectivity R(u>) to higher fre- 
quencies [Fig. Ufa)] . Although the spectral weight shifts 
to higher frequencies below the SDW transition, it is ba- 
sically recovered around 2500 cm -1 as can be seen from 
the merger of the different curves in Fig.[3Jc). Hence, the 
overall spectral weight remains conserved at any temper- 
ature. The same behavior was observed in optical exper- 
iments of the Ba and Sr analoguesi 32 i 33 To leave out the 
interband transition at 5000 cm -1 and consider only the 
itinerant electrons, we have chosen oj c /2ttc — 2500 cm -1 
as suitable cut-off frequency and then get 13 800 cm -1 
for the quasi-free-carrier plasma frequency. 

Using Eq. ([T]) with m = 2mo the bandmass - as ob- 
tained from our extended Drude analysis discussed below 
in Sec. IIVD1 - and uj p /2itc m 13 800 cm -1 , the carrier 
density is estimated to be n ~ 4.2 x 10 21 cm -3 , signifi- 
cantly lower than typical for conventional metals. If we 
convert n to the number of carriers per unit cell by 
using the low-temperature volume V cc n = 0.3683 nm 3 for 
Z = 4 reported by M. Tegal et al.^ we obtain N w 0.39 
electrons per formula unit. 

B. Spin-Density- Wave Gap 

Upon passing through the SDW transition, there is 
a strong reduction of the optical conductivity below 
1200 cm -1 as magnified in the linear-frequency presen- 
tation of Fig. [DJa). With decreasing temperature the 
peak above the SDW gap grows and also the gap be- 
comes slightly larger; as expected from a mean-field tran- 
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FIG. 6: (Color online) Low-frequency optical properties (up 
to 1500 cm -1 ) of EuFe2As2 at various temperatures for E \\ 
ab. (a) The optical conductivity can be decomposed in two 
Drude-like contribution (olive pattern and orange shaded), 
and an oscillator to mimic the SDW gap (violet shaded), as 
depicted for the 10 K data for instance, (b) The frequency 
dependence of the dielectric constant exhibits a zero-crossing 
(dei/du; > 0) as low as 500 cm -1 . 



sition. From a linear extrapolation of the 10 K con- 
ductivity (dotted line), we can estimate a gap value of 
2Aq ~ 750 cm -1 , well above the mean-field value of 
2A = 3.53T S dw « 470 cm" 1 . In SrFe 2 As 2 (T SD w « 
200 K) Hu et alM identified two gaps with peaks at 
500 and 1500 cm" 1 ; accordingly for BaFe2As2 (Tsdw = 
138 K) they find the double peak features at lower en- 
ergies (360 cm -1 and 890 cm" 1 ). The Eu compound 
investigated in the present study falls right between with 
Tstw — 189 K, and the 1300 cm -1 maximum is likely to 
correspond to the reported high-frequency peak. How- 
ever, we cannot find clear indications for a low-energy 
gap. Around 600 cm" 1 , a small step might be iden- 
tified, in particular in the 100 K spectrum, but since 
it smears out upon lowering the temperature instead 
of getting more pronounced, we hesitate to associate it 
with a second gap. Also the dielectric constant shown 
in Fig. [HJb) gives no evidence for a two-gap structure. 
Interestingly, for BaFe2As2 Pfuner et alM report a pseu- 
dogap of 500 cm -1 , but they do not observe changes at 
higher energies, in contrast to Hu et a/. 32 i 35 Multiple-gap 
features are not surprising for a compound with many 
bands crossing the Fermi energy; similar properties have 
been reported in MgB 2 , — the model compound of a two- 
gap superconductor. 

To estimate the spectral-weight shift upon opening 



of the SDW gap, we identify an isobetic point u>i w 
1050 cm" 1 in the optical spectra below which <Ji(uj) de- 
creases as T < Tsdw and above which the spectral weight 
piles up. As can be seen in Figs.|3Jb) and[DJa), <J\{(jJi) ba- 
sically remains unaltered with temperature. The relative 
shift in spectral weight 
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SW(wj, T = 300 K) - SW(w,, T = 10 K) 
SW(w 4 ,T = 300 K) 



(2) 



is approximately 35%. 

Supplementary information can be obtained from the 
dielectric constant ei(w) = 1 — ^-na^iyi) / 'to plotted in 
Fig. El^b). The zero-crossing of ei(uS) at u>o/2irc = 1270, 
1600 and 1780 cm" 1 , for T = 170, 100 and 10 K, re- 
spectively, is an alternative method to identify the SDW 
gap. 

At all temperatures, there remains some zero- 
frequency contribution that pulls the dielectric constant 
negative as expected for a metal. For low temperatures, 
the zero-crossing with positive slope (dei/dw > 0) oc- 
curs around (D p /27rc = LOp^/^fel » 460 cm -1 , where 
u) p denotes the screened plasma frequency of the zero- 
frequency contribution which shifts only little for T < 
100 K. From Fig. HJb) we see that the dielectric con- 
stant reaches e% « 55 for T = 10 K, which yields 
Lu. p ,E)/2irc « 3400 cm" 1 for the narrow Drude-like con- 
tribution. This value agrees well with the one we get 
from the Drude-Lorentz fit shown in Fig.[5^a), where the 
narrow Drude contribution has Cl> Pj d/27tc = 3150 cm" 1 
at T = 10 K. 

It is apparent from Fig. [Ha), that there exists a size- 
able electronic background in the range between 200 
and 700 cm" 1 that stays at all temperatures. While at 
T = 300 K this contribution is not so clear, it starts to 
be well pronounced at T — 210 K and changes only little 
below 100 K. It should also be noted that the background 
conductivity is present in all compounds of this ferropnic- 
tide family; for instance, it is seen in the superconducting 
Bao.55Ko.45Fe2As2, too, where the magnetic order is sup- 
pressed by doping 4i Hence we do not related this term 
to the SDW transition. This electronic background could 
be interpreted as a high-frequency tail of the Drude-like 
contribution, appearing due to interactions of the charge 
carriers with other excitations. Another possibility would 
be to describe this feature by a broad Drude term with 
a width around 1000 cm -1 [the orange shaded contri- 
bution in Fig. [HJa)]. Since the Fermi level is crossed 
by five Fe 3d bands according to theoretical studies , 21 ! 23 
zero-frequency contributions could stretch well above the 
far-infrared to account for excitations in different Fe 3d 
bands. 



C. Magnetic Field Dependence 

In order to obtain information on the magnetic scat- 
tering effects, we have measured the in-plane optical re- 
flectivity in the frequency range 20 — 700 cm -1 when a 
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magnetic fields was applied up to 5 Tesla. In the far- 
infrared (up to 600 cm -1 ) we find an overall rise of the 
10 K reflectivity (not shown). For /iqH = 1 Tesla it is 
only 1%, but increases to 5% at 5 Tesla. The reflectivity 
enhancement with magnetic field diminishes as the tem- 
perature increases; above 30 K, no significant change is 
observed. This infers that the scattering of the remaining 
conduction electrons described by the broad Drude-term 
in Fig. [6^ a) (orange shaded) is partially suppressed by the 
magnetic field. This behavior does not change upon pass- 
ing the magnetic order at Tjy = 19 K; which implies that 
the ferrromagnetic order of the Eu moments taking place 
above 1 Tesla has no appreciable influence on the optical 
properties in this frequency range. 



D. Extended Drude Analysis 

A deeper insight into the low-energy excitations and 
the relevant scattering mechanisms of EUFC2AS2 is ob- 
tained by performing an extended Drude analysis of the 
conductivity spectra; here the scattering rate l/r(T, of) 
and effective mass to* (T, oj) are assumed to be frequency 
dependent. 32 This approach is commonly applied to cor- 
related electron systems like heavy fermions, organics and 
high-temperature superconductors ; 31 ' 38 



Energy (meV) 
20 40 



1 



4-7T ri(w) — iu>{m* (uj) / rrib) 



(3) 



Here Ti(uj) is the real part of a complex frequency de- 
pendent scattering rate T(to) = Ti(u>) + iT2(to), with the 
imaginary part related to the frequency dependent mass 
ra'/mt = 1 — T2(uj)/lu enhanced compared to the band- 
mass nib. From the complex conductivity we obtain ex- 
pressions for ri(w) and m*(uj) in terms of ai(uj) and 
02(0; ) as follows: 



m*(aj) 



Up (Tl{u)) 

QJp a 2 (u)/u 
4tt |ct(w)| 2 



(4a) 
(4b) 



The frequency dependent scattering rate 1/t(u>) = 
2ttcTx(u) and mass m*(ui) are plotted in Figs. [7(b) and 
(c) for various temperatures. 

It is important to note that the absolute values of 1/t 
and to* strongly depend on the chosen plasma frequency 
lu p in Eqs. ((4|); as mentioned above, this is not that clear 
cut. Nevertheless, the frequency dependence is not in- 
fluenced by this renormalization and gives the insight 
into the physics. From the room temperature spectra, 
using LOp = 13 800 cm -1 , we can calculate an effective 
mass by Eq. |T]) that corresponds to the optical bandmass 
irib « 2mo. This is a reasonable value and independent 
of frequency as expected for a Drude metal. Accordingly, 
the scattering rate is constant at about 1/t w 6000 cm" 1 . 
At T = 210 K we already notice a gradual increase of 
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FIG. 7: (Color online) (a) In-plane conductivity of EuFe2As2 
in the far-infrared spectral range, (b) Frequency dependent 
scattering rate and (c) frequency dependent effective mass as 
obtained from an extended Drude analysis of the optical spec- 
tra. The dash line in panel (b) indicates the linear behavior 
of 1/t(«). 



to* / mb down to low energies [Fig.UJc)]. The correspond- 
ing scattering rate slightly increases with frequency due 
to the shaping up of the narrow zero-frequency response, 
as plotted in Fig. [71 

In the SDW state, some of the electronic bands are 
gapped, implying that only a reduced number of car- 
riers is available for transport, as seen from the jump 
in p(T) at Tsdw and the opening of an optical gap 
below. Although the overall spectral weight is eventu- 
ally conserved, a considerable fraction (as discussed in 
Sec.IV-B) is shifted to energies above the gap. Accord- 
ingly a reduced uj*(T) should be used for the general- 
ized Drude analysis in Eq. © for 170, 100, and 10 K: 
w*/(2ttc) w 12 900, 11900 and 11000 cm" 1 , respectively. 
The enhancement of the effective mass extends over a 
wide energy range and amounts up to to* /mi, ~ 21 for 
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T = 10 K as displayed in Fig. [7(c) ,22 

For T < Tgowi 1/ T ( W ) is strongly suppressed at low 
frequencies due to reduced phase space for scattering of 
charge carriers upon opening of the SDW gap. This re- 
sult agrees with dc resistivity (cf. Sec. IIII A|) where we 
concluded that the slope of p(T) gets steeper due to the 
same effect. We find a linear increase of 1/t(lo) up to 
approximately 200 cm -1 , as seen from Fig. UJb). This 
evidences scattering on bosonic excitations, for instance 
excitations of the spin density wave4°- The slope grows 
as the temperature decreases because the magnetic order 
is completed further. The AFM ordering of the Eu 2+ 
ions at Tjv has little influence on the electronic scatter- 
ing processes in this energy range and seems to be con- 
fined to the in-plane dc transport; which is not surprising 
since Huj > fcsT/v. Below 500 cm" 1 , the effective mass 
also starts to increase and m* /nib reaches more than 20 
below TsdWj indicating that the carriers are strongly in- 
teracting. 

Here one should note that in the frequency range of our 
extended Drude analysis, the conductivity is dominated 
by the response of mobile carriers. In Fig.[7Jc) we can see 
that at m* becomes negative at approximately 470 cm" 1 . 
This is a clear sign that the data above 470 cm -1 are 
dominated by density-of-states effects, like energy gaps 
or interband transitions; an interpretation in terms of 
scattering rate and effective mass becomes meaningless. 40 
Hence, to make sure that the SDW gap does not mislead 
our analysis of the carrier dynamics in terms of \/t(oj) 
and m*(uj), we also extracted all the high-frequency fea- 
tures, leaving only the zero-frequency contributions for 
an extended Drude analysis. The results obtained this 
way remain the same in the low-frequency range as plot- 
ted in Fig. [TJ this strongly supports, that our analysis 
procedure and interpretation is valid and robust. 

It is instructive to compare our findings with the 
spectra of chromium, the canonical example of a three- 
dimensional SDW system i 38 i 41 ' 42 There also a gap opens 
over some parts of the Fermi surface as a consequence of 
the SDW ordering. Below Tsdw the Drude mode narrows 
and the low-energy spectral weight is suppressed. From 
the extended Drude analysis a suppression of the scatter- 
ing rate in the SDW state was obtained below 500 cm" 1 
and an overshoot for higher frequencies. Basov et al. ar- 
gue that the area above and below the SDW transition 
should be conserved^ 2 - Indeed, this is true if we consider 
1/t(u>) in the whole frequency range. However, the most 
important part of our extended Drude analysis is confined 
to the narrow Drude-response (not analysed for Cr). Sim- 
ilar to the case of Cr, this contribution becomes sharper 
for T < Tsdw due to the reduced phase space, described 
by a drop in l/r(w). The information is obtained from 
the particular shape of the zero-frequency response and 
its temperature dependence. 

Yang et al. performed an extended Drude analysis 
of their optical spectra on Bao.55K .45Fe2As2 after sub- 
tracting the mid-infrared contribution described by a 
Lorentz oscillator j2l The low-temperature scattering rate 
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FIG. 8: (Color online) Temperature development of the con- 
ductivity in the region of the phonon mode of EuFe2As2. The 
different spectra are displaced for clarity reasons. 

increases with frequency for ui/(2irc) < 400 cm" 1 , which 
was interpreted as bosonic excitations - most probable 
magnetic fluctuations - in support of our findings. 



E. Vibrational Features 

In our optical spectra displayed in Fig. [5(a), a phonon 
mode at 260 cm" 1 is clearly observed for all the tem- 
peratures. This E u mode involves the displacements of 
the Fe and As ions and is of particular importance be- 
cause it changes its shape and position upon cooling. In 
Fig. [8] we magnify this spectral region and plot the con- 
ductivity for various temperatures. For T > 170 K, this 
phonon appears at 264.2 cm -1 as an anti-resonance. It 
can be followed down to T = 210 K and then becomes 
more and more obscured as T decreases; below 170 K the 
anti- resonance feature is basically absent. Instead a nor- 
mal phonon mode develops at lower frequency 257 cm" 1 , 
which as a matter of fact can be identified all the way 
up to 190 K. The mode becomes stronger upon cooling 
down to T = 10 K and hardens to 260 cm" 1 . 

The anti-resonance can be successfully fitted applying 
Fano's theory i 43 ' 44 

o-i (w) =i<J (q-i) 2 (i + x y 1 (5) 
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TABLE I: Transport and optical parameters of EuFe2As2 as obtained from our investigations on single crystals. p ab and p c 
denote the room-temperature resistivity. uo p is the plasma frequency within the highly conducting plane, from which the carrier 
density n and the bandmass mi, is obtained. From the room temperature scattering rate 1/r, the mean free path I is evaluated, 
assuming a Fermi velocity of vf = 2 x 10 6 m/s. 2A is the value of the zero-temperature SDW gap. Tsdw and Tjv refer to the 
ordering temperatures of the SDW and AFM phase, respectively. At T = 10 K the effective mass related to the zero-frequency 
contribution is enhanced by m* /mi,. 
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where <7o is the background, x = (lo 2 — lot 2 )/^lo (7 and 
lot are the linewidth and the resonant frequency, respec- 
tively) and q is the Fano parameter reflecting the de- 
gree of asymmetry of the peak. The best description we 
get is lot — 263.4 cm" 1 and q = —0.17 for high tem- 
peratures. Such a low and negative value of q indicates 
the single level for vibration is overlapping with the elec- 
tronic background which is interacted^ For T < 170 K, 
the fit yields |g| — > 00 and the Lorentz line shape is re- 
covered, indicating a non-interacting case appears upon 
the SDW gap opening. In conclusion, no new phonon 
appears due to the structural phase transition, but the 
significant modification of the vibrational feature around 
260 cm- 1 upon cooling is caused by the change of the 
electronic background to which it is coupled. The co- 
existence of reminiscent features of both limiting cases - 
the mode and the antimode - in such a wide temperature 
range implies either strong fluctuation effects, or inhomo- 
geneities or phase separation in the vicinity of the SDW 
transition. 

The shape variation of this phonon mode by crossing 
the SDW transition implies that the Fe electrons inter- 
acting with this phonon are condensed to the gap feature. 
Our finding corresponds to the conclusions from Raman 
scattering experiments on CaFe2As2 and SrFe2As2f^ 
which suggest the variation in the phonon parameters 
is mainly caused by the change of charge distribution 
within the FeAs plane and accordingly the strength of 
the electron-phonon interaction. In the latest report of 
first-principle calculations for CaFe2As2, it is also sug- 
gested that modifying the chemistry of the Fe ion due 
to the decrease of Fe-moment will decrease the Fe-As 
interaction^ 



V. CONCLUSIONS 

The magnetic, transport and optical properties of 
EuFe2As2 single crystals have been investigated paral- 



lel and perpendicular the highly-conducting afc-plane. In 
Table U we summarize the parameters obtained. The 
anisotropy p c j p a b ~ 8 is basically temperature inde- 
pendent. From our optical data the carrier density 
was estimated to 4.2 x 10 21 cm -3 and the bandmass 
nib = 2n%o. The magnetic susceptibility is solely deter- 
mined by the localized magnetic moments of the Eu 2+ 
ions with only little interaction to the Fe subsystem. The 
charge carriers dynamics of EuFe2As2, on the other hand, 
is strongly affected by the spin-density wave transition 
at Tsdw = 189 K when a gap opens in the optical spec- 
trum around 1000 cm- 1 . A modification of the Fe-As 
lattice vibration upon opening of the SDW gap reflects 
an interaction with the electronic background that gets 
much less pronounced in the SDW state. The remain- 
ing charge carriers are strongly influenced by scattering 
at spin fluctuations that can be modified by an external 
magnetic field. The extended Drude analysis gives a lin- 
ear dependence of the scattering rate with frequencies at 
low temperatures. The effective mass m* /mb enhances 
by a factor of 21 at T = 10 K. Both parameters evi- 
dence the interaction of the low-energy charge carriers 
with SDW excitations. 
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